Abstract. In this paper, we present an analysis on the mechanism of dust emission and describe a new model for the prediction of dust emission rate caused by saltation bombardment, based on the volume removal by impacting sand grains as they plough into the soil surface. The model predicts a relationship between the removed volume V and the particle impacting velocity U of the form V cr U n, with _ n+l where u, is n 2 -• 3. The dust emission rate is found to be proportional to u, , friction velocity. These model predictions are consistent with wind tunnel and field observations. The model offers a new interpretation of observed data and a simple scheme for the calculation of dust emission.
of craters were also found in several more recent experimental studies [Willerrs and Rice, 1985; Linsey, 1989; McEwan et al., 1992] . A similar phenomenon has been observed in metal erosion which occurs at larger particle impacting velocity. It has been found that an impacting particle may penetrate into the surface to a depth of a fraction of its own diameter, deforming the surface plastically to form a concavity having a radius of curvature similar to that of the particle. On the basis of the observations of crater formation, several models have been proposed for metal or ductile material removal by the impact of abrasive particles [Finnie and McFadden, 1978; Hutchings, 1977] , which are generally in good agreement with experimental data. The starting point of these models is to consider the motion of impacting particles during particle/bed collision. The similarity between soil erosion and metal erosion motivates us to apply some of the analytical techniques used in the industry wear research to study dust emission during wind erosion.
This paper presents an analysis on the mechanism of dust emission and describes a new model for the prediction of dust emission rate caused by saltation bombardment. The model estimates dust emission rate on the basis of the volume removed by impacting sand grains as they plough into the soil surface. In section 2, a theoretical prediction for the volume removal, its relationship with particle impact velocity and impact angle, and that for dust emission rate are derived. A comparison of the theoretical predictions with wind tunnel and field data is given in section 3. Discussions on the role of soil erodibility and the possible measure of soil erodibility are given in section 4. Conclusions of the paper appear in section 5. 
Dust Emission

Model Concept and Assumptions
The proposed model is based on the observation that sand grains saltating over a surface of loose fine particles excavate void-shaped craters in the bed. The model first calculates the crater volume and dust release created by individual saltating particles, and then estimates the dust emission due to a large number of saltating particles by a superposition of individual impacting events.
A similar approach used by Finnie and McFadden [1978] for ductile metal erosion is adopted here. The ploughing process of a single particle is illustrated in Figure 1 . The impact particle is assumed to be angular cated at the centre of gravity of the impacting particle when the particle starts to contact the surface. It is assumed that the particle does not break during impact.
It impinges upon the soil surface at a velocity U (immediately before impact) and an angle of attack a. The particle then ploughes into the surface and pushes soil particles ahead of it. The target soil flows plastically during the ploughing without fracture. The protruding tip of the incident particle ploughes a trajectory (XT, YT) into the target soil and forms a crater. The total volume of the grains ejected from the crater into the air is assumed to be equal to that of the crater. The volume of the crater can be estimated by solving the equation of particle motion and by determining the path of the particle as it moves through the soil (see Figure 1 ).
To derive the equations of motion for the ploughing saltator, the forces exerted by the target soil upon the saltator during the ploughing process need to be determined. For an analytical model, this can only be done under several simplifications that make the analysis mathematically tractable. These simplifications are listed below. 6. The vertical and horizontal forces on the particle are located at the centre of the surface soil material in contact with the particle. The symmetrical picture of two-dimensional ploughing shown in Figure 1 can be understood as the average situation for grains that are tilted in either direction as they strike the surface. To be consistent with assumption 2, the projected contact area in the horizontal plane is twice that in the vertical plane. Assumption 2 is sufficiently accurate if the particle rotation during the ploughing is small, and hence a geometrically similar configuration is maintained throughout the process. Although there is no direct observational evidence of the geometry, it is plausible to assume that K is a constant as the particle/bed contact time is small (< 10 -2 s, [Rice et al., 1996a] ). Experiments on force measurements of dry surface grinding [Marshall and Shaw, 1952] show an overall value of K close to 2 for angular abrasive grains. It seems reasonable to use this value in our analysis because the processes involved in ploughing and grinding are similar. The magnitude of K may vary with the shape of the impact particle, and it is possible that K increases as the particles become less angular and more spherical. Experiments of Marshall and Shaw [1952] on dry surface grinding also shows that the value of K is usually larger than I and less than 5. This suggests that the uncertainty brought by K may be limited. As it will become clear later, the precise value of K does not significantly influence the conclusions of our study. 
On average, impact particles have no initial rota-
Equations of Motion for Ploughing
where t• is the impact duration. Two ploughing cases should be distinguished. In case 1, the impact particle ploughes into the target soil and, subsequently, leaves it when YT becomes zero.
In case 2, the particle stops dur!•ng its scooping ac- 1. For fixed impact saltator conditions (given a and U/Uref), n increases from 2 to 3 with decreasing p. This implies that V tends to be proportional to U 3 for soft, loose soils (corresponding to small p and hence large A), while it tends to be proportional to U 2 for more compact soils (corresponding to large p and hence small ),).
2. For given p, n is rather insensitive to U/Uref for fixed a. This implies that a plot of V against U on a log-log scale is essentially a straight line for given soil surface conditions.
3. For given p, n increases with a for fixed U/Uref. 4. Equation (12) shows that the saltating particle size d has no explicit influence on the value of n and A for given U and a (as b = d is assumed). However, both U and a vary with d because of the particle/air interaction on the saltator trajectories. Rice et al. [1995] showed that U decreases and a increases with increasing d. Since n is more sensitive to the change of a than to the change of U, the overall effect of d on n is likely that n increases with d.
For case 2, in which the particle is trapped in the soil and does not rebound, equation ( Here The Table 4 .
The (dry sieved) particle size distributions of soil 3 and soil 4, given by Gillette and Walker [1977] , were used to calculate Q (Figure 2) . Since soils 1, 2, and 5 are sandy soils and have similar features in soil aggregates, soil moisture and surface roughness, as well as horizontal sand fluxes, their (dry sieved) particle size distribution should not differ greatly from that of soil 4. Therefore we assumed that soils 1, 2, 4, and 5 have the same (dry sieved) particle size distribution but different dust particle contents, which were given by [Gillette, 1977] (see Table 3 ). To test the effect of particle size distribution, we replaced the particle size distribution (PSD) Pb (kg/m 3) 1000 Figure 2 . In all tests we used C s -1.37, c = 0.8 and pp = 2650 kg/m a. Because the semisimulated p values (see Table 3 ) are all about 102 -• 10 a times larger than pp, the second term in equation (24) Tables 4 and 3. and Pb: 800 kg/m 3. For the clay textured soil 9, which has only 9.3% loose particles, we assumed Cs = 1 and Pb = 700 kg/m 3. Figure 3 shows a comparison of simulated and observed horizontal sand fluxes, Q, and a comparison of the fully simulated (using simulated Q to calculate F), semisimulated (using observed Q to calculate F) and observed vertical dust flux F for soils 1 to 5. Although some of the parameters used for the simulation could not be estimated accurately, the predicted Q and F and observed Q and F are in good agreement for all soils, except soil 2. In that case, the simulated Q is about 5 times larger than observed, while the semisimulated F, is smaller than both measured and fully simulated. This indicates that soil 2 may have a different particle size distribution (the typical mode may not be close to 180 ktm) although it was classified as a sandy soil. It is interesting to observe that the simulation of Q is, somehow, not very sensitive to the particle size distribution and its resolution, while it depends strongly on u,t. It is surprising to see that the simulated Q and hence F, us- 
Soil Erodibility and Plastic Pressure
For a given wind velocity, dust emission is determined by the capacity of the surface to release dust particles, which is largely affected by the physical and chemical properties of the soil [Zobeck, 1991] . It is well known, for instance, that surface crust and soil aggregation suppress wind erosion and reduce dust emission rate. Also, a high percentage of fine particles in a soil does not necessarily imply that the soil must be a strong dust source. Soils with more than 10% clay are, for example, not easily erodible unless the surface is broken up by mechanical disturbance. Sandy and loamy soils are usually more important dust sources because they are [1997], by chemical or watersoluble material, and by the contents of organic material. Because it is very difficult to describe all the processes involved mathematically, theoretical investigation of soil strength properties has only been carried out for very simple, ideal cases. Although some qualitative insight in the mechanism of cohesion has been achieved by researchers in colloidal science, it is unlikely that the average values of these strength properties can be calculated with reasonable accuracy if all the processes are considered. Practically, these soil strength properties are obtained by experimental measurement for given conditions under specific requirement. Obviously, the measurement of p is easier than that of interparticle bonding forces (or energy).
Conclusions
In this paper, we have presented a new dust emission model based on the understanding that dust emission is mainly caused by saltation bombardment. The prediction of dust emission rate is achieved through modeling the ploughing process of individual saltating sand grains and the resulted volume removal of the surface The good agreement of the new dust emission model with experimental data further demonstrates that the exact dislodgement mechanism of dust emision by saltation bombardment is indeed surface ploughing and cratering. It raises a question over the basic assumption made by energy-based dust emission models; namely, the energy of impact saltator lost to the bed is mainly used for rupture interparticle bonds of those ejected dust particles. It can be shown that the impacting energy is largely consumed by plastic deformation (plough-ing, relocating grains and friction between grains). The fraction of energy used to rupture interparticle bonds is actually negligible.
We have pointed out that there is a fundamental dif- The new dust emission model does, however, have the following limitations: (1) In reality, especially for agricultural soils, dust particles are not only ejected by sand particles impacting the surface but also are released due to the breaking down of aggregates during saltation and impact. The latter dust emission mechanism is not considered in the present model. The combination of these two processes and the random nature of soil aggregates, microtopography (ripples and ridges that influence the local impact angle) make it difficult to precisely predict the dependency of dust emission rate on the impact velocity, (2) the ratio of the vertical and horizontal plastic pressure K and the contact area between the ploughing particle and the surface soil may vary during collision and cannot be precisely described, (3) because the elastic forces have been neglected in the model, it may not be suitable for highly crusted soil, for which the elastic strains are comparable with the plastic stains. The erosion behavior of crusted soil may not be the same as loosely packed soil surfaces, and additional paremeters may be required in characterizing the soil physical properties which control dust emission, (4) it is expected that the surface deforming property (or p) will exhibit a large spatial heterogeneity and temporal variation, and p is more difficult to measure for practical purposes than parameters such as u. 
